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Abstract 

Background: Metastatic melanoma is an aggressive malignancy that is resistant to therapy and has a poor 
prognosis. The progression of primary melanoma to metastatic disease is a multi-step process that requires 
dynamic regulation of gene expression through currently uncharacterized epigenetic mechanisms. Epigenetic 
regulation of gene expression often involves changes in chromatin structure that are catalyzed by chromatin 
remodeling enzymes. Understanding the mechanisms involved in the regulation of gene expression during 
metastasis is important for developing an effective strategy to treat metastatic melanoma. SWI/SNF enzymes are 
multisubunit complexes that contain either BRG1 or BRM as the catalytic subunit. We previously demonstrated that 
heterogeneous SWI/SNF complexes containing either BRG1 or BRM are epigenetic modulators that regulate 
important aspects of the melanoma phenotype and are required for melanoma tumorigenicity in vitro. 

Results: To characterize BRG1 expression during melanoma progression, we assayed expression of BRG1 in patient 
derived normal skin and in melanoma specimen. BRG1 mRNA levels were significantly higher in stage IV 
melanomas compared to stage III tumors and to normal skin. To determine the role of BRG1 in regulating the 
expression of genes involved in melanoma metastasis, we expressed BRG1 in a melanoma cell line that lacks BRG1 
expression and examined changes in extracellular matrix and adhesion molecule expression. We found that BRG1 
modulated the expression of a subset of extracellular matrix remodeling enzymes and adhesion proteins. 
Furthermore, BRG1 altered melanoma adhesion to different extracellular matrix components. Expression of BRG1 in 
melanoma cells that lack BRG1 increased invasive ability while down-regulation of BRG1 inhibited invasive ability in 
vitro. Activation of metalloproteinase (MMP) 2 expression greatly contributed to the BRG1 induced increase in 
melanoma invasiveness. We found that BRG1 is recruited to the MMP2 promoter and directly activates expression 
of this metastasis associated gene. 

Conclusions: We provide evidence that BRG1 expression increases during melanoma progression. Our study has 
identified BRG1 target genes that play an important role in melanoma metastasis and we show that BRG1 
promotes melanoma invasive ability in vitro. These results suggest that increased BRG1 levels promote the 
epigenetic changes in gene expression required for melanoma metastasis to proceed. 



Background 

Melanoma is an aggressive malignancy, characterized by 
high potential for metastasis and notoriously resistant to 
chemotherapeutics [1,2]. The prognosis for patients with 
melanoma is dependent on the stage of the disease as 
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measured by tumor thickness, ulceration, and the pre- 
sence of metastases [3]. According to the American 
Joint Committee on Cancer staging system, Stage I mel- 
anomas are less than 1 mm thick and localized to the 
skin. Stage II melanomas are greater than 1 mm thick, 
may be ulcerated, but are still localized to the skin. In 
stage III, the tumor has spread to nearby lymph nodes 
but not yet detected at distant sites. In stage IV, the 
tumor has spread beyond the original area of skin and 
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nearby lymph nodes to other organs, or to distant areas 
of the skin or lymph nodes. The five year survival rate 
for stage I, II, III, and IV is estimated to be 92%, 68%, 
45%, and 11% respectively [4]. The high mortality rate 
associated with metastatic melanoma and the lack of 
effective treatment underscores the necessity to under- 
stand the mechanisms that promote melanoma 
progression. 

The progression from a primary tumor to metastatic 
melanoma is a multistep process that involves detach- 
ment from the primary tumor mass, invasion into the 
dermis, migration through the extracellular matrix 
(ECM), and vasculature and colonization of distant sites 
[5,6]. Each of these steps involves cytoskeletal alterations 
as well as changes in the tumor cell's interactions with 
neighboring cells and with the ECM [7]. The inherently 
high metastatic potential associated with melanoma has 
been attributed to the migratory nature of neural crest 
derived precursors that give rise to the melanocyte line- 
age [8]. Metastatic potential is also dependent on pro- 
metastatic genetic changes such as those involving 
NEDD9 amplification as well as epigenetic changes that 
modulate the expression of genes required for each step 
in the process [9,10]. Thus, the propensity for mela- 
noma to metastasize may be intrinsically determined, 
permanently fixed by genetic alterations, and dynami- 
cally modulated at an epigenetic level by signals from 
the changing microenvironment. 

Epigenetic regulation of gene expression often involves 
changes in chromatin structure that are catalyzed by 
chromatin remodeling enzymes [11,12]. Two classes of 
enzymes remodel chromatin structure by catalyzing 
covalent histone modifications or by hydrolyzing ATP 
to mobilize nucleosomes [13]. SWI/SNF complexes are 
ATP dependent chromatin remodeling enzymes that 
have been shown to increase DNA accessibility, allowing 
gene specific regulators or general transcription factors 
to bind and to activate or repress gene expression [13]. 
SWI/SNF enzymes play critical roles during organism 
development [14]. Particularly relevant to melanoma is 
the regulatory role that SWI/SNF enzymes play in pro- 
moting neural crest migration and differentiation as well 
as SWI/SNF interactions with Microphthalmia -Asso- 
ciated Transcription Factor (MITF), a lineage survival 
oncogene in melanoma [15-17]. 

Mammalian SWI/SNF complexes are composed of the 
BRG1 or BRM catalytic ATPase subunit and 9-12 
BRG1/BRM associated factors (BAFs) [18]. Diverse 
SWI/SNF complexes are distinguished by the particular 
ATPase and the presence of unique BAFs [19]. The 
BRG1 and BRM containing complexes have similar 
chromatin remodeling activity in vitro but do not neces- 
sarily have redundant functional roles in vivo [20]. 
Dependent on the cellular context, BRG1 and BRM play 



overlapping or distinct roles in tumorigenesis. Both 
BRG1 and BRM expression is down-regulated in lung 
cancer [21]. However, low expression of BRM has been 
associated with gastric cancer while high expression of 
BRG1 has been associated with advanced stages of gas- 
tric and prostate cancer [22-24]. 

Reconstitution of SWI/SNF subunits into cancer cells 
that lack expression typically induces a change in mor- 
phology [25,26]. Furthermore, disruption of SWI/SNF 
activity by the introduction of dominant negative BRG1 
and BRM into normal cells dramatically alters cell size 
and shape and invasiveness [27]. These morphological 
changes parallel changes in the expression of cytoskele- 
tal regulators, cell surface proteins, adhesion molecules, 
and enzymes that degrade the ECM [26-30]. Thus, SWI/ 
SNF enzymes play an important role in regulating the 
expression of genes important for tumor metastasis. We 
previously demonstrated that BRG1 and BRM expres- 
sion is variable in melanoma cell lines, such that some 
cell lines express elevated levels of BRG1 and BRM and 
a subset of cell lines are deficient in BRG1 or BRM [31]. 
We found that reconstitution of BRG1 in a BRG1 defi- 
cient melanoma cell line promoted expression of MITF 
target genes that regulate melanogenesis and survival. 
Furthermore, BRG1 promoted resistance to cisplatin 
and down-regulation of BRG1/BRM significantly com- 
promised tumorigenicity. An independent study deter- 
mined that sequential down-regulation of BRG1 and 
BRM inhibits melanoma proliferation [32]. These studies 
suggest that SWI/SNF enzymes are important epigenetic 
modulators of melanoma tumorigenicity and potentially 
regulate metastatic potential. 

To further characterize BRG1 expression in mela- 
noma, we assayed expression of BRG1 in patient derived 
metastatic melanomas. We found that BRG1 mRNA 
levels were significantly higher in stage IV tumors com- 
pared to stage III tumors and to normal skin. Further- 
more, BRG1 protein levels were elevated in highly 
invasive human metastatic melanoma cell lines. We 
expressed BRG1 in an established melanoma cell line 
that lacks detectable levels of BRG1 and profiled expres- 
sion of extracellular matrix and adhesion molecules. We 
found that BRG1 modulated the expression of a subset 
of cell surface receptors, adhesion proteins, and extracel- 
lular matrix remodeling enzymes. Furthermore, BRG1 
altered adhesion to different ECM components and pro- 
moted invasion through matrigel. Activation of matrix 
metalloproteinase (MMP) 2 expression in BRG1 expres- 
sing cells was determined to contribute to the BRG1 
mediated increase in invasive ability. Down-regulation of 
BRG1 in a highly invasive melanoma cell line resulted in 
decreased MMP2 expression and decreased invasive 
ability. We investigated the mechanisms involved in 
BRG1 mediated activation of MMP2 expression and 
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found that BRG1 interacts with a transcriptional regula- 
tor of MMP2, the SP1 transcription factor, and is 
recruited to the matrix metalloproteinase (MMP) 2 pro- 
moter. In combination, these results suggest that BRG1 
plays a role in promoting melanoma progression by reg- 
ulating the expression of metastasis associated genes. 

Results 

BRG1 is highly expressed in metastatic melanoma 

To evaluate BRG1 expression during melanoma progres- 
sion, we examined BRG1 mRNA levels using quantita- 
tive (qPCR) arrays (Origene) containing normalized 
cDNA prepared from patient derived normal skin (3 
samples), from stage III (21 samples) and stage IV (19 
samples) metastatic melanoma specimen. Although 
BRG1 mRNA levels were lower in a subset of individual 
melanoma samples compared to normal skin, the aver- 
age level of BRG1 was higher in stage III (1.2 fold) and 
stage IV melanoma (1.7 fold) compared to that in nor- 
mal skin (Figure. 1A). The higher levels of BRG1 in 
stage IV melanoma compared to normal skin was statis- 
tically significant (p < .05). There was also a statistically 
significant increase in BRG1 mRNA levels in stage IV 
melanoma compared to stage III melanoma (p < .01). 
Although there was also a trend toward increased BRG1 
expression in stage III melanoma compared to normal 
skin, the increase was not statistically significant, possi- 
bly due to an insufficient normal skin sample size. Inter- 
estingly, microarray profiling of primary melanoma 
tumors compared to normal skin revealed that BRG1 
mRNA levels in primary melanoma is significantly 
higher than in normal skin [33,34] (Additional file. 1). 
In combination, these data suggest that BRG1 mRNA 
levels are elevated in primary melanoma compared to 
normal skin and increase during disease progression 
(from stage III to IV). 

We and others determined that SK-MEL5 cells, derived 
from an axillary node melanoma, are deficient in BRG1 
expression [31,32]. To determine whether BRG1 protein 
levels are consistently down regulated in other metastatic 
melanoma cell lines, we compared BRG1 protein levels in 
SK-MEL5 cells with levels in two highly metastatic mela- 
noma cell lines, A375SM and WM-266-4. The A375SM 
cell line was established from a lung metastasis formed 
by injection of parental cells into nude mice [35]. The 
WM-266-4 cell line was derived from a lymph node 
metastasis [36]. We found that both A375SM and WM- 
266-4 express high levels of BRG1 compared to SK- 
MEL5 cells and to normal human melanocytes (Figure. 
IB). We previously reported that re-introduction of 
BRG1 in SK-MEL5 cells promotes pigmentation as well 
as increased resistance to cisplatin [31]. As shown in Fig- 
ure. IB, BRG1 reconstituted SK-MEL5 cells express 
BRG1 at similar levels as A375SM and WM-266-4, which 



we previously estimated to be approximately 2 fold 
higher than that in normal melanocytes [31]. 

BRG1 modulates extracellular matrix and adhesion 
molecule expression in SK-MEL5 melanoma cells 

A previous microarray study showed that re-expression 
of BRG1 in a BRG1/BRM deficient human adrenal ade- 
nocarcinoma cell line (SW13 cells), activated the expres- 
sion of 80 genes and repressed the expression of 2 
genes [28]. Many of the BRG1 regulated genes were cell 
surface proteins and extracellular matrix remodeling 
enzymes or secreted proteins such as CD44, E-cadherin, 
matrix metalloproteinase (MMP) 2, and osteonectin 
(SPARC) [28-30]. Thus, re-expression of BRG1 in 
BRG1/BRM deficient adenocarcinoma cells alters the 
expression of a subset of genes, and in particular the 
expression of genes that potentially have important roles 
in regulating tumor metastasis. 

To evaluate how re-expression of BRG1 in the BRG1 
deficient melanoma cell line, SK-MEL5, alters the expres- 
sion of metastasis associated gene expression, we exam- 
ined BRG1 induced changes in gene expression using 
quantitative RT 2 Profiler PCR Arrays (SABiosciences) 
and assayed the expression of 84 genes related to cell-cell 
and cell matrix interactions (Additional file 2). We found 
that the expression of 13 genes on the array was highly 
up-regulated by BRG1 (greater than 4-fold) (Figure. 2A). 
The most highly up-regulated genes (greater than 10 
fold) were neural cell adhesion molecule (NCAM1), E- 
cadherin (CDH1), catenin delta 2/neural plakophilin 
related armadillo protein (CTNND2), MMP2, and lami- 
nin P3 (LAMB3) (Figure. 2A). Other highly activated 
genes (greater than 4 fold) included MMP 10, tissue spe- 
cific inhibitor of metalloproteinase (TIMP) 3, integrins 
a3 and a7, two collagen genes, and genes encoding com- 
ponents of the basement membrane (Figure. 2A). 
BRG1 activated the expression of 10 additional genes at 
least two fold, including CD44, MMP9 and MMP14 
(MT1-MMP) (greater than 2 fold) (Figure. 2B). Interest- 
ingly, re-expression of BRG1 also significantly inhibited 
the expression of 8 genes (Figure. 2C), while the remain- 
ing 53 genes on the array were not significantly affected 
by the expression of BRG1 (Additional file 1, Table 1). 
Thus our data indicate that re-expression of BRG1 in 
BRG1 deficient melanoma cells affects the expression of 
a subset of cell surface and extracellular matrix remo- 
deling enzymes, some of which overlap (E-cadherin, 
CD44, and MMP2) and some which are distinct from 
those reported to be modulated by reconstitution of 
BRG1 in BRG1/BRM deficient SW13 adenocarcinoma 
cells. Many of the genes we found to be modulated by 
BRG1 (Figure. 2A, B, and 2C) encode proteins that play 
a role in regulating melanoma invasiveness and meta- 
static potential [6,7,37]. 
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Figure 1 BRG1 is highly expressed in patient derived melanomas and metastatic melanoma cell lines. A. Tissue Scan Melanoma qPCR 
Arrays (Origene) containing cDNAs from patient derived normal skin, stage III melanomas, and stage IV melanomas were subjected to qRT-PCR 
with BRG1 specific primers. BRG1 levels were normalized to (3-actin. The results were averaged from values obtained by performing three PCR 
arrays. B. Western blot comparing BRG1 levels in two invasive melanoma cell lines (A375SM and WM-266-4) and human epidermal melanocytes 
with that in BRG1 deficient SK-MEL5 cells, SK-MEL5 cells reconstituted with empty vector (EV), and BRG1 reconstituted SK-MEL5 cells. Total cell 
lysate was loaded. Tubulin is a loading control. 



The most highly activated gene in BRG1 reconstituted 
SK-MEL5 cells was NCAM1 (Figure. 2 A). NCAM1 is a 
cell adhesion molecule (CAM) in the immunoglobulin 
superfamily that is expressed at the cell surface and 
mediates cell to cell and cell matrix interactions [38]. 
High expression of NCAM1 in malignant neoplasms, 
including melanoma, is associated with an aggressive 
tumor phenotype [39]. Although high levels of NCAM1 
have been associated with metastatic potential, the func- 
tional role of NCAM1 in melanoma has not been 



demonstrated, and high levels of NCAM1 have also 
been detected in benign nevi [40]. Thus, the role of 
NCAM1 in melanoma metastasis is unclear. MCAM 
(MUC18), a related cell adhesion molecule is over- 
expressed in advanced primary and metastatic mela- 
noma. Its expression in melanoma cell lines enhances 
metastatic potential in nude mice [41,42]. We found 
that in addition to NCAM1, BRG1 significantly 
increased the expression of MCAM (Figure. 2D). Thus, 
re-expression of BRG1 in SK-MEL5 cells activated the 
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Figure 2 BRG1 modulates the expression of extracellular matrix and adhesion molecule expression in SK-MEL5 cells. The expression of 
extracellular and adhesion molecule related genes was profiled in control SK-MEL5 (empty vector) and BRG1 reconstituted SK-MEL5 cells using a 
focused qPCR array. The expression level of each gene was normalized to a control value obtained by averaging the expression of four 
housekeeping genes. The average of three to four independent experiments is shown. All changes in gene expression are statistically significant 
as determined by the student's t test (p value equal to or less than 0.05). A. Expression of genes that are activated greater than four-fold by 
BRG1. B. Expression of genes that are activated greater than two fold by BRG1. C. Expression of genes that are down-regulated by BRG1. D. 
MCAM expression was evaluated separately from the qPCR array using gene specific primers. Normalization of mRNA levels was to GAPDH. E. 
Detection of NCAM1 and MCAM protein expression by Western blotting. Tubulin is a loading control. 



expression of two related cell adhesion molecules that 
have been implicated in promoting tumor metastasis. 
We verified that the changes in NCAMI and MCAM 
expression also occurred at the protein level (Figure. 
2E). Interestingly, increased levels of the 140KD 
NCAMI isoform was detected in BRG1 expressing cells. 
This isoform is associated with malignant neoplasms 
and induction of anti-apoptotic programs [39]. 

E-cadherin localization to the cell junction is 
compromised in BRG1 reconstituted SK-MEL5 cells 

Two of the most highly activated genes in BRG1 expres- 
sing SK-MEL5 cells were E-cadherin (CDH1) and catenin 
delta 2/neural plakophilin related armadillo protein 



(CTNND2) (Figure. 2A). E-cadherin is a calcium depen- 
dent transmembrane receptor that localizes to adherens 
junctions and mediates cell-cell adhesion. In many cancer 
types, loss of E-cadherin expression coincides with acqui- 
sition of an invasive phenotype and development of 
metastatic disease. In normal melanocytes, E-cadherin 
mediates melanocyte-keratinocyte interactions and loss 
of E-cadherin expression or a change in its cellular distri- 
bution is associated with early phases of melanoma. 
Furthermore, over-expression of E-cadherin in melanoma 
cells reduces melanoma invasiveness [43]. Thus, expres- 
sion of BRG1 in SK-MEL5 cells could potentially reduce 
melanoma invasiveness through up-regulation of E-cad- 
herin. Interestingly, BRG1 also promoted expression of 5- 
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catenin/neural plakophilin-related armadillo protein 
(CTNND2) (Figure. 2A), but had no effect on the expres- 
sion of p-catenin or a-catenin (data not shown), two 
other members of armadillo/p -catenin superfamily of cell 
adhesion molecules. Increased expression of CTNND2 in 
prostate cancer has been associated with redistribution 
and loss of E-cadherin at the adherens junction [44]. 

We verified that reconstitution of BRG1 in SK-MEL5 
cells resulted in increased E-cadherin and CTNND2 
expression at the protein level (Figure. 3A). To deter- 
mine the status of E-cadherin at the cell surface in con- 
trol SK-MEL5 cells and SK-MEL5 cells expressing 
BRG1, we performed flow cytometry. We found that 
although total E-cadherin expression increased (Figure. 
3A), the localization of E-cadherin to the cell surface 
was reduced in cells expressing BRG1 compared to con- 
trol cells (Figure. 3B). Furthermore, immunofluorescence 



revealed that E-cadherin was mostly cytoplasmic in 
BRG1 expressing SK-MEL5 cells (Figure. 3C). Reduced 
localization of E-cadherin to the cell surface suggested 
that in SK-MEL5 cells, re-expression of BRG1 may 
further compromise E-cadherin function. 

BRG1 alters melanoma adhesion to different ECM 
components 

Re-expression of BRG1 in SK-MEL5 cells resulted in an 
altered pattern of integrin expression (Figures. 2A and 
2C). Integrins are transmembrane glycoproteins that 
mediate specific interactions between cells and the ECM 
and regulate migration [45]. Hetero-dimers composed of 
a and P subunits serve as receptors with specificity for 
different ligands. Integrin expression is a key determi- 
nant of a cell's ability to attach to different ECM com- 
ponents and to migrate on these substrates. Aberrant 



B 



> 
LU 



O 
GO 



CDH1 

CTNND2 

Tubulin 



EV 



BRG1 



= 30 i 
CD 1 

o 

CD 

.> 20 



25 ■ 



C/) 
O 
CL 

I 

Q 

O 

0 s 



15 
10 
5 H 



n 



EV 



BRG1 




Figure 3 BRG1 promotes E-cadherin expression but compromises E-cadherin localization to the cell junction in SK-MEL5 cells. A. 

Detection of E-cadherin (CDH1) and CTNND2 protein expression by Western blotting. Tubulin is a loading control. B. Cells were stained with 
control IgG or an antibody to E-cadherin and FITC labeled secondary antibody. E-cadherin at the cell surface was quantified by FACS analysis. 
Significantly less E-cadherin was localized to the cell surface in SK-MEL5 +BRG1 cells compared to control SK-MEL5 cells (p < 0.05). C. E-cadherin 
staining of representative control SK-MEL5 cells and BRG1 expressing SK-MEL5 cells by immunofluorescence. 
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integrin expression has been associated with melanoma 
progression [45]. 

BRG1 enhanced the expression of integrins a 7 and a3 
and inhibited the expression of integrins a 4 and P3 (Fig- 
ures. 2 A and 2C). Modulation of integrin expression by 
BRG1 suggested that reconstitution of BRG1 in BRG1 
deficient melanoma cells might alter melanoma cell 
interactions with specific ECM components. We com- 
pared the ability of the control (empty vector) SK-MEL5 
cells with that of the SK-MEL5 cells expressing BRG1 to 
adhere to laminin, collagen, and fibronectin. We found 
that BRG1 expressing cells demonstrated increased 
adhesion to laminin and collagen and decreased adhe- 
sion to fibronectin (Figure. 4). The observed increase in 
adhesion to laminin is consistent with increased expres- 
sion of integrin a7, which is a component of a7pi, a 
complex that has high affinity for laminin [46]. 
Increased adhesion to collagen is consistent with 
increased expression of a3, which is a component of the 
a3pi complex that has high affinity for several ECM 
components, including collagen [45]. Reduced adhesion 
to fibronectin is consistent with decreased expression of 
a4, which forms the a4pi complex and P3 which forms 
the aVp3 complex, two integrins with high affinity for 
fibronectin [45]. The expression of these integrins is ele- 
vated in primary or metastatic melanomas [47-50], how- 
ever it is not possible to designate specific integrins as 
"pro-neoplastic" because their effect on tumor progres- 
sion is dependent on the cellular context and the speci- 
fic step in tumor progression [51]. Our data indicate 
that BRG1 may regulate metastatic potential by modu- 
lating the integrin profile and altering adhesiveness to 
different ECM components. 

MMP2 activity is up-regulated in BRG1 expressing SK- 
MEL5 cells and contributes to increased melanoma 
invasiveness 

In addition to changes in adhesion, metastasis also 
requires extensive ECM remodeling. The matrix metal- 
loproteinases (MMPs) are the main proteases that remo- 
del the ECM [52]. Re-expression of BRG1 in SK-MEL5 
cells resulted in a dramatic increase in MMP2 and 
MMP10 expression and a smaller but significant 
increase in MMP9 and MMP14 (MT-MMP1) expression 
(Figures. 2A and 2B) and a decrease in MMP1 and 
MMP16 expression (Figure. 2C). We verified that the 
observed changes in the mRNA profile resulted in con- 
sistent changes in protein expression for MMP1, 
MMP2, MMP9, and MMP14 (Figure. 5A). 

Expression of MMPs is controlled at the transcrip- 
tional and post-translational levels [53]. Our data indi- 
cated that BRG1 promotes expression of MMP2, 
MMP9, and MMP14 at the protein level (Figure. 5A). 
MMP2 (gelatinase A, 72-kDa type IV collagenase) and 



MMP9 (gelatinase B, 92-kDa type IV collagenase are 
secreted as inactive pro-zymogens that are subsequently 
processed and activated. MMP14 (MT1-MMP) is a 
membrane bound MMP that activates MMP2 at the cell 
surface [54]. Furthermore, naturally occurring tissue 
inhibitor of metalloproteinases (TIMPs) down-regulate 
MMP activity [55]. The balance between TIMP and 
MMP expression is critically important in determining 
overall MMP activity. We found that in addition to 
MMPs, BRG1 also activated expression of TIMP2 and 
TIMP3, which would be expected to down-modulate 
MMP activity (Figures. 2A, 2B, and 5A). 

In order to determine if re-expression of BRG1 in SK- 
MEL5 cells resulted in increased secretion of active 
MMP2 and MMP9, we performed gelatin zymography 
on supernatants derived from control and BRG1 expres- 
sing SK-MEL5 cells. We determined that although 
TIMP levels were increased, there was still a substantial 
increase in active MMP2 and MMP9 secreted by SK- 
MEL5 cells expressing BRG1 compared to BRG1 defi- 
cient SK-MEL5 cells (Figure. 5B). 

The observed increase in MMP2 and MMP9 activity 
as well as other alterations in extracellular matrix and 
adhesion molecule expression suggested that BRG1 
plays an important role in regulating melanoma inva- 
siveness. To determine the overall biological conse- 
quence of BRG1 re-expression in SK-MEL5 cells, we 
investigated whether BRG1 promotes changes in the 
ability of melanoma cells to be invasive in vitro. We 
found that SK-MEL5 cells that express BRG1 had signif- 
icantly increased ability to invade through Matrigel 
coated Boyden chambers (Figure. 5C). 

To elucidate the mechanisms by which BRG1 pro- 
motes invasion, we treated cells with an inhibitor of 
MMP2/MMP9 and performed invasion assays. We 
found that inhibition of MMP2 and MMP9 activity par- 
tially abrogated the BRG1 mediated increase in invasive 
ability (Figure. 5D). Consistently, siRNA mediated 
down-regulation of MMP2 (Figure. 5E) also reduced the 
BRG1 medicated increase in invasiveness (Figure. 5F). 
Thus, activation of MMP2 and possibly MMP9 expres- 
sion contributes to the BRG1 induced increase in SK- 
MEL5 invasive ability. 

Down-regulation of BRG1 in WM-266-4 cells inhibits 
melanoma invasiveness 

Most established melanoma cell lines express high levels 
of BRG1 [31], including two metastatic melanoma cell 
lines, A375SM and WM-266-4 (Figure. IB). This raised 
the possibility that BRG1 is required for these cells to 
be invasive. To determine if loss of BRG1 compromises 
invasive ability in one of these highly invasive cell lines, 
we down-regulated BRG1 expression in WM-266-4 cells 
using a pool of siRNAs that target BRG1 but not the 
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Figure 4 BRG1 expression alters adhesion of SK-MEL5 cells to different ECM components. 96 well plates were coated with laminin, 
collagen, or fibronectin and blocked with BSA. Control SK-MEL5 cells expressing empty vector (EV) and SK-MEL5 cells expressing BRG1 were 
seeded onto coated plates at a density of 2 x 10 4 cells. After incubation for 30 minutes, plates were washed and the cells stained with crystal 
violet. Control plates coated with BSA were also included but did not retain cells after washing (data not shown). Representative fields are 
shown (20x magnification). Adhesion was quantified by reading absorbance at 550 nm. The data shown is the average of two independent 
experiments done in triplicate. The fold change in adhesion to all three substrates was significantly altered by expression of BRG1 (p < 0.01). A. 
Adhesion to laminin. B. Adhesion to collagen. C. Adhesion to fibronectin. 
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alternative ATPase, BRM (Figure. 6A and 6B). We per- 
formed a timecourse after siRNA transfection and deter- 
mined that BRG1 down-regulation was effective 120 
hours after transfection (Figure. 6B). Interestingly, BRM 
expression was slightly lower in cells transfected with 
control siRNA compared to untreated but then 
increased in BRG1 down-regulated cells. However, 
expression of the BRG1/BRM associated factor, INI1, 
did not change as a result of siRNA transfection. Pre- 
vious studies have suggested that BRM expression is 
highly sensitive to growth conditions [56]. We found 



that in WM-266-4 cells, BRM expression but not BRG1 
or INI1 expression is sensitive to changes in WM-266-2 
confluency (Additional file 3). Thus, we speculate that 
siRNA transfection may have an inhibitory effect on 
BRM expression because of non-specific effects on pro- 
liferation. Nevertheless, BRM expression was elevated in 
BRG1 knockdown cells compared to both untreated 
cells and cells that expressed control siRNA (Figure. 6B). 

We found that down-regulation of BRG1 resulted in 
decreased MMP2 and MCAM expression (Figure. 6C) 
and reduced invasion through Matrigel-coated Boyden 
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Figure 5 MMP2 activity is up-regulated in BRG1 expressing SK-MEL5 cells and promotes invasion through matrigel. A. Detection of 
MMP and TIMP protein expression by Western blotting. Tubulin is a loading control. B. MMP activity in control (EV) and SK-MEL5 expressing 
BRG1 was determined by zymography. Cells were cultured in serum free media for 24 hours and the supernatant collected and normalized to 
cell number. C. Invasion assays were performed using matrigel coated chambers with 5% FBS as a chemoattractant. Control SK-MEL5 cells (EV) 
and SK-MEL5 cells expressing BRG1 were seeded at a density of 1.25 x 10 5 cells per well on top of control or matrigel inserts. Percent invasion 
through matrigel was calculated relative to migration through the control insert. The data shown is the average of two independent 
experiments done in triplicate. Expression of BRG1 significantly increased invasion (p < 0.01). D. Vehicle treated (DMSO) or BiPS (10uM) treated 
BRG1 expressing SK-MEL5 cells were subjected to the invasion assay as described in C. The data shown is representative of two independent 
experiments performed in duplicate. Treatment with the MMP2/MMP9 inhibitor, BiPS significantly inhibited invasion (p < 0.01). E. SK-MEL5 +BRG1 
cells were transfected with Acell SMART Pool siRNAs targeting MMP2 or red non-targeting siRNAs and analyzed by Western blotting 120 hours 
after transfection. F. Control and MMP2 down-regulated SK-MEL5+BRG1 cells were subjected to the invasion assay as described in C, 120 hours 
after transfection with siRNAs. Invasion assays were performed in triplicate. Down-regulation of MMP2 significantly compromised invasion (p < 
0.01). 



chambers (Figure. 6D). Furthermore, although BRM 
levels increased in BRG1 down-regulated cells, our data 
suggest that BRM can not compensate for these BRG1 
specific functions. Thus, both a gain of function and 
loss of function approach show that high levels of BRG1 
promote melanoma invasive ability in vitro. 

SP1 interacts with BRG1 to regulate MMP2 expression in 
SK-MEL5 cells 

Our data suggested that activation of MMP2 is an 
important mechanism by which BRG1 promotes mela- 
noma cell invasive ability. To determine the mechanism 
by which BRG1 activates MMP2 expression in SK- 



MEL5 melanoma cells, we investigated whether BRG1 
intereacts with a transcriptional regulator of MMP2. 
BRG1 was previously shown to directly activate the 
MMP2 promoter through interactions with the tran- 
scription factor, SP1 in SW13 cells [30]. Similarly, we 
found that siRNA knockdown of SP1 (Figure. 7A) 
reduced the level of MMP2 that was secreted by SK- 
MEL5 + BRG1 cells (Figure. 7B). Furthermore, we 
detected a physical interaction between BRG1 and SP1 
(Figure. 7C) and found that BRG1 was recruited to the 
MMP2 promoter (Figure. 7D). As was previously 
demonstrated in SW13 cells, BRG1 significantly 
increased the binding of SP1 to the MMP2 promoter 
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Figure 6 Down-regulation of BRG1 inhibits melanoma invasion through matrigel. A. WM-266-4 melanoma cells transfected with control 
(DY-547 labeled) siRNAs were visualized by phase-contrast microscopy. B. WM-266-4 melanoma cells were transfected with Acell SMART Pool 
siRNAs targeting BRG1 or red non-targeting siRNAs and analyzed by Western blotting. C. Control and BRG1 down-regulated WM-266-4 cells were 
subjected to the invasion assay as described in Figure. 5, 120 hours after transfection with siRNAs. Invasion was significantly compromised in 
BRG1 down-regulated cells (p < 0.01). 



[57] (Figure. 7E). This data suggests that BRG1 directly 
regulates MMP2 expression in melanoma cells through 
interactions with SP1 and by facilitating SP1 association 
with the MMP2 promoter. Interestingly, SP1 has been 
shown to preferentially interact with the BRG1 catalytic 
subunit in vitro [57]. Thus, a specific role for BRG1 in 
the activation of MMP2 and melanoma invasiveness 
may result from selective interactions with the SP1 tran- 
scriptional regulator. 

Discussion 

Melanoma progression is a dynamic process that 
requires tumor cells to possess decreased adhesive inter- 
actions with surrounding cells and with the extracellular 



matrix at some points in the metastatic cascade and 
increased adhesive interactions at other times [58]. 
Metastatic potential also depends on adequate vasculari- 
zation and the ability to degrade components of the 
ECM. These processes are regulated by reversible 
changes in the expression of genes involved in cell 
attachment, motility, and proteolytic degradation of the 
ECM [59]. Previous studies showed that SWI/SNF 
enzymes modulate expression of ECM related molecules 
in normal and cancer cells [27-30]. Furthermore, altera- 
tions in the expression of SWI/SNF components have 
been implicated in oncogenesis and multiple subunits 
have been determined to play tumor suppressive roles 
[60]. We previously characterized SWI/SNF subunit 
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expression in melanoma cell lines and found that a sub- 
set of melanoma cell lines was depleted in either the 
BRG1 or BRM catalytic subunit Restoration of BRG1 in 
a melanoma cell line that lacks BRG1 expression 
enhanced the expression of MITF target genes and pro- 
moted increased resistance to cisplatin [31]. 

To further characterize BRG1 expression in mela- 
noma, we assayed expression in melanoma tumors. In 
the present study, we determined that BRG1 mRNA 
levels are significantly up-regulated in stage IV mela- 
noma tumors when compared to normal skin or stage 
III melanoma tumors. Furthermore, primary melanoma 
tumors and most melanoma cell lines express high 
levels of BRG1 (Figure. IB, Additional file 1) [31,32]. A 
recent study indicated that BRG1 expression is increased 
at the protein levels in primary melanoma tumors com- 
pared to dysplastic nevi, but that there is no significant 
difference in BRG1 levels between primary and meta- 
static melanoma samples [61]. However, this study 



found that there may be a tendency for negative to 
weak BRG1 expression to be associated with a better 
patient survival [61]. In contrast, a separate study sug- 
gested that BRG1 protein expression is frequently 
down-regulated in primary and metastatic melanoma 
compared to normal skin, but that a higher proportion 
of metastatic melanoma tumors express BRG1 com- 
pared to primary tumors [62]. These studies in combi- 
nation with our present study suggest that BRG1 status 
plays a role in melanoma progression, however further 
investigations that utilize larger sample sizes will be 
required to resolve the discrepancies between the differ- 
ent studies. 

Re-expression of BRG1 in the BRG1/BRM deficient 
human adrenal adenocarcinoma cell line, SW13 prefer- 
entially alters the expression of a limited number of 
genes that mostly encode cell surface and ECM interact- 
ing proteins [28]. Re-introduction of BRG1 in a BRG1 
deficient breast cancer cell line, ALAB also had a high 
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impact on the expression of genes that encode cell sur- 
face and ECM interacting proteins [63]. This observa- 
tion and the correlation between high BRG1 levels and 
melanoma progression prompted us to study the impact 
of BRG1 on the expression of genes involved in adhe- 
sion and extracellular matrix remodeling in melanoma 
cells. 

Our study indicates that BRG1 activates the expres- 
sion of both overlapping and distinct ECM related genes 
in melanoma cells as those in SW13 cells (Figure. 8). 
Expression of BRG1 in SK-MEL5 melanoma cells 
resulted in the activation of MMP2, E-cadherin, and 
CD44 as was also seen when BRG1 was expressed in 
BRG1/BRM deficient SW13 cells [28-30]. However, the 
expression of osteonectin (SPARC), a BRG1 dependent 
gene in SW13 cells, was not significantly affected by re- 
expression of BRG1 in SK-MEL5 cells [28] (Figure. 8, 
Additional File 2). Furthermore, BRG1 activated and 
repressed a number of cell surface and ECM interacting 
genes in SK-MEL5 cells that have not been identified as 
being BRG1 dependent in SW13 cells. Interestingly, 
BRG1 had opposite effects on MMP1 expression in SK- 
MEL5 cells compared to SW13 cells (Figure. 8) Thus, 
the requirement for BRG1 in the activation of specific 
genes is to a large extent cell context dependent. Inter- 
estingly, we found that BRG1 activated the expression of 
neural cell adhesion molecule (NCAM1) and 5-catenin/ 
neural plakophilin-related armadillo protein (CTNND2), 
two genes whose expression is highly enriched in neural 
cells. Activation of these neural specific genes by BRG1 



SW13 SK-MEL5 




Figure 8 Comparison of extracellular matrix and adhesion 
molecule regulation by BRG1 in SW13 and SK-MEL5 cells. Venn 
diagram showing genes up-regulated by BRG1 in SW13 cells 
(yellow), genes up-regulated by BRG1 in SK-MEL5 cells (red), and 
genes down-regulated by BRG1 in SK-MEL5 cells (green). Three 
genes were activated by BRG1 in both SWI3 and SK-MEL5 cells 
(orange). Only genes that were assayed in both SK-MEL5 cells 
(present study) and SW13 cells [28,29,76] are shown. 



may reflect the neural crest derivation of melanoma 
cells. 

Expression of BRG1 in melanoma cells modulated the 
expression of a number of ECM related genes that have 
opposing effects on melanoma invasiveness. In particu- 
lar, BRG1 activated E-cadherin expression and down- 
regulated the expression of MMP1 and integrins a4 and 
P3. Down-regulation of E-cadherin and high levels of 
MMP1 and integrin aV|33 are associated with transition 
from the radial non-invasive to the invasive vertical 
growth phase and the acquisition of metastatic potential 
in melanoma [37,64,65]. However, we found that BRG1 
activated expression of other MMPs and integrins as 
well as MCAM, all of which have been shown to be 
important for promoting melanoma invasive ability and 
tumor progression [37]. Melanoma cells employ distinct 
strategies for invasion, each of which may differ in the 
degree of dependence on the different molecular regula- 
tors [6]. Interestingly, a previous study showed that 
dominant negative BRG1 activates integrin aV expres- 
sion but still inhibits the invasive ability of fibroblasts 
[27]. In our studies, both a gain of function and loss of 
function approach indicated that BRG1 promotes mela- 
noma invasive ability, suggesting that high levels of 
BRG1 promote mechanisms by which melanoma cells 
invade that do not rely on the induction of all known 
cell surface regulators. 

The activation of MMP2 expression by BRG1 contrib- 
uted to the increased invasive ability of BRG1 expressing 
SK-MEL5 cells (Figures. 5C and 5D). BRG1 was pre- 
viously shown to regulate MMP2 expression in SW13 
cells by a transcriptional mechanism that involves SP1 
[30]. Our data indicate that BRG1 activates MMP2 
expression in melanoma cells by a similar mechanism 
involving co-activation of SP1 mediated transcription 
(Figure. 7). However, BRG1 inhibited the expression of 
integrin P3, which is also regulated by SP1 [66]. The dif- 
ferential requirement for SWI/SNF function in the regu- 
lation of a transcription factor's targets has been 
previously observed and is not well understood [17,67]. 
A recent study suggests that diverse SWI/SNF com- 
plexes and sub-complexes can be recruited to different 
promoters and that the functional outcome of SWI/SNF 
activity on specific promoters may be determined by the 
composition of the SWI/SNF complex and the chroma- 
tin context [68]. Furthermore, the recent observation 
that SWI/SNF enzymes also regulate microRNA expres- 
sion adds an additional layer of complexity to the overall 
impact made by SWI/SNF enzymes in the regulation of 
cellular gene expression profiles [69]. Further work will 
be required to decipher the mechanisms by which a 
high level of BRG1 results in a gene expression profile 
that promotes melanoma invasiveness and potentially 
dictates metastatic potential in vivo. 
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A number of studies have implicated SWI/SNF subu- 
nits, including BRG1, as tumor suppressors. Mutations 
or down-regulation of BRG1 expression occurs in multi- 
ple human tumors and haploinsufficiency of BRG1 pre- 
disposes mice to mammary tumors [70]. Furthermore, 
when re-expressed in SW13 cells, BRG1 interacts with 
the retinoblastoma protein (Rb) to induce a Gl cell 
cycle arrest [25]. These studies have implicated BRG1 as 
a tumor suppressor that curbs proliferation. In contrast, 
our data suggest that BRG1 expression is elevated in 
melanoma and promotes melanoma invasiveness. Inter- 
estingly, higher levels of BRG1 have also been associated 
with prostate and gastric cancer invasiveness and tumor 
progression [23,24]. A recent study showing that resi- 
dual BRG1 expression is required for tumorigenesis to 
occur in INI1 deficient mice suggests that the role of 
BRG1 in tumorigenesis is more complex than previously 
thought and that the outcome of BRG1 disruption may 
be lineage specific [71]. We previously reported that 
BRG1 interacts with MITF, the master regulator of mel- 
anocyte differentiation and lineage addiction oncogene 
in melanoma [31]. In this study, we found that BRG1 
promotes expression of NCAM1 and CTNND2, two 
markers that are highly expressed in neural crest derived 
cells. Thus, the contrasting role of BRG1 in melanoma 
may in part result from the lineage specific derivation of 
this cancer type. 

Conclusions 

Our study suggests that over-expression of BRG1 contri- 
butes to melanoma progression. We have determined 
that BRG1 mRNA levels are higher in stage IV metastatic 
melanomas compared to stage III melanomas and to nor- 
mal skin. Furthermore, we have determined that BRG1 
modulates the expression of extracellular matrix and 
adhesion molecules that play an important role in mela- 
noma metastasis. Our data indicate that modulation of 
extracellular matrix and adhesion molecule expression by 
BRG1 is associated with increased melanoma invasive 
ability in vitro. The down-regulation of SWI/SNF compo- 
nents in tumorigenesis has been elegantly demonstrated 
in numerous studies and is further supported by mouse 
models [60]. Our work adds to several other studies 
[23,24,72] that suggest the over-expression of a SWI/SNF 
component may also contribute to tumorigenesis. 

Methods 

Cell Culture 

SK-MEL5 and WM-2664 melanoma cells were from the 
ATCC. A375SM melanoma cells were a kind gift from 
Dr. Menashe Bar-Eli (M.D. Anderson Cancer Center). 
SK-MEL5 cells expressing an empty vector or BRG1 
were described in [31]. Human melanocytes were from 
Cascade Biologies (Portland, Oregon, USA) or Yale Cell 



Culture Core Facility (New Haven, Connecticut, USA). 
With the exception of melanocytes, all cells were grown 
in DMEM supplemented with 10% FBS. Human mela- 
nocytes were grown in Media 254 with added growth 
supplements (Cascade Biologies). The MMP2/MMP9 
inhibitor, 4-Biphenylylsulfonyl)amino-N-hydroxy-3-phe- 
nylpropionamide (BiPS) was from Calbiochem (San 
Diego, CA, USA) and was used at 10 |iM. 

RNA Isolation and Quantitative Real-time PCR 

Total RNA was isolated with the Qiagen RNeasy mini 
kit and reverse transcribed as described [31]. Quantita- 
tive real-time PCR was performed in SYBR Green Mas- 
ter Mix (Qiagen, Germantown, Maryland) with an 
Applied Biosystems Prism 7500 PCR system and ana- 
lyzed with the SDS software as described [31]. MCAM 
and GAPDH primers were purchased from SABios- 
ciences (Frederick, MD, USA). 

Tumor qPCR Arrays 

The Tissue Scan Melanoma qPCR Arrays (MERT501) 
containing cDNAs from normal skin, stage III, and stage 
IV melanomas were obtained from Origene Technolo- 
gies (Rockville, MD, USA). The primers used to detect 
BRG1 (SMARCA4) were from SABiosciences (Frederick, 
MD, USA). BRG1 levels were normalized by amplifying 
with primers to Human P-actin (Forward: CAGCCATG- 
TACGTTGCTATCCAGG) and (Reverse: AGGTCCA- 
GACGCAGGATGGCATG). The results were averaged 
from values obtained by running three PCR arrays. Sta- 
tistical significance was determined by utilizing a Mann- 
Whitney Wilcoxon test. 

Extracellular Matrix and Adhesion focused qPCR Arrays 

Extracellular Matrix and Adhesion molecule RT 2 Profi- 
ler PCR Arrays were purchased from SABiosciences 
(Fedrick, MD). The primer sets in this array are 
described in http://www.sabiosciences.com/rt_pcr_pro- 
duct/HTML/PAHS-013A.html. CT values obtained for 
84 extracellular matrix and adhesion molecule gene 
expression were normalized to a value obtained by aver- 
aging the CT values of four different housekeeping 
genes. For each primer set, the fold change in SK-MEL5 
+BRG1 cells was determined relative to values obtained 
in control SK-MEL5 cells + empty vector. Average values 
were obtained from four PCR arrays with cDNA from 
control cells (from three different samples) and an addi- 
tional four PCR arrays with cDNA from SK-MEL5 cells 
+BRG1 (from three different samples). Statistical signifi- 
cance was calculated using the student's t test. 

Antibodies 

The Tubulin antibody was from Sigma (St. Louis, Mis- 
souri, USA). FLAG M2 antibody and FLAG M2-Agarose 
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were from Sigma. The E-cadherin, CTNND2, and 
MCAM antibodies were from BD Biosciences (San Jose, 
CA, USA), The BRG1, NCAM1 and SP1 antibodies 
were from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). The MMP2 and MMP9 antibodies were from 
Cell Signaling (Beverly, MA, USA). The MMP14 anti- 
body was from Millipore (Temecula, CA, USA). The 
TIMP3 antibody was from Abeam (Cambridge, MA, 
USA). Control IgG antibody used for ChlPs was from 
Millipore (Billerica, MA, USA). 

Cell extracts and immunoblot analysis 

Cells were lysed in 20mMTris (pH 7.4),150 mM NaCl, 2 
mM EDTA, 1% Triton X, 10% glycerol, supplemented 
with a protease inhibitor cocktail (Sigma). SDS-PAGE 
and Western blotting were carried out as described [73]. 

Flow Cytometry 

Cells were incubated in fetal bovine calf serum (Invitro- 
gen, Carlsbad, CA, USA) for 10 minutes at room tem- 
perature to block nonspecific antibody binding and then 
with the primary antibody or an isotype matched IgG 
control for 20 minutes at 4°C. After one wash with 
FACS buffer (PBS+0.5%BSA, 5% fetal calf serum, 0.1% 
sodium azide, cells were incubated with secondary anti- 
body for 20 minutes at 4°C, then washed twice with 
FACs buffer. Cells were re-suspended in 0.1% parafor- 
maldehyde then loaded onto a FACS-Calibur (BD Bios- 
ciences, San Jose, CA, USA). Data was analyzed using 
Cell Quest Pro (BD Biosciences). Statistical significance 
was calculated using the student's t test. 

Immunocytochemistry 

Immunocytochemistry was performed as described [17] 
using an E-cadherin antibody (BD Biosciences) and goat 
anti-mouse-Alexa Fluor568 (Molecular Probes). Images 
were taken with a Nikon Eclipse TE2000-U fluorescence 
microscope at 60x magnification. 

Zymography 

Zymography was performed as previously described [30]. 
Control SK-MEL5 and SK-MEL5+BRG1 cells were cul- 
tured in serum free medium for 36 hours. Conditioned 
medium was collected, normalized to cell number, and 
subjected to electrophoresis in a polyacrylamide gel con- 
taining 1 mg/ml gelatin. After electrophoresis, the gel 
was washed in 2.5% Triton X-100 for 1 hour at room 
temperature to remove the SDS and then incubated for 
24 hours at 37°C in a buffer consisting of 5 mM CaCl 2 
and 1 [iM ZnCl 2 . The gel was stained in 0.25% Cooma- 
sie Blue for 30 minutes, de-stained in methanol/acetic 
acid solution and photographed on a light box. Proteoly- 
tic activity was detected as white bands against a blue 
background. 



siRNA Knockdowns 

Acell SMART Pool siRNAs targeting BRG1 (E-010431), 
MMP2 (E-005959), SP1 (E-026959), and red non-target- 
ing siRNAs (D-001960) were purchased from Dharma- 
con Inc. (Chicago, II., USA) and used to transfect 
melanoma cells according to the manufacturer's instruc- 
tions. WM-266-4 cells were transfected with control or 
siRNA targeting BRG1. BRG1 expressing SK-MEL5 cells 
were transfected with control or siRNA targeting MMP2 
or SP1. 

Adhesion Assays 

Adhesion assays were performed as previously described 
[74]. 96 well plates were coated with laminin (10 ug/ml), 
collagen (type 1) (20 ugm/ml), or fibronectin (20 ugm/ 
ml), and incubated at 4°C overnight. The plates are then 
washed with Wash buffer (DMEM with 0.1% BSA) and 
blocked in DMEM with 0.5% BSA for 45-60 minutes at 
37°C. 2 x 10 4 cells were added to each well and incu- 
bated at 37°C for 30 minutes. Non-adherent cells were 
removed by washing three times with Wash buffer. The 
cells are then fixed with paraformaldehyde and incu- 
bated for 10-15 minutes and washed once with Wash 
buffer. The cells were stained with crystal violet for 10 
minutes, washed with water, and dried. 2% SDS was 
added and the plates were incubated at room tempera- 
ture for 30 minutes. Absorbance was read at 550 nm. 
Statistical significance was calculated using the student's 
t test. 

Matrigel Invasion Assay 

Invasion assays were performed using matrigel coated 
chambers (BD Biosciences, Bedford, MA, USA) as 
recommended by the manufacturer. SK-MEL5 cells 
expressing an empty vector or BRG1 were seeded in 
serum free media at a density of 1.25 x 10 5 cells per 
well on top of control or matrigel inserts. Media con- 
taining 5% FBS was used as a chemoattractant. After 
incubation for 16 hours, non-invading cells were 
removed from the upper surface and invading cells were 
stained with 1% Toluidine Blue and counted. Multiple 
fields were counted in triplicate membranes with a 
microscope at 20x magnification. The data shown is 
from two independent experiments done in triplicate. 
For studies involving inhibition of MMP2/MMP9, cells 
were pre-treated withlO [iM 4-Biphenylylsulfonyl) 
amino-N-hydroxy-3-phenylpropionamide (BiPS) (Calbio- 
chem, San Diego, CA, USA) for 3 hours and then plated 
onto the Boyden chambers in media containing 10 \iM 
BiPS. For knockdown studies, invasion assays were per- 
formed 120 hours after transfection of control or siR- 
NAs targeting BRG1. Statistical significance was 
calculated using a student's t test. 
Co-lmmunoprecipitations 

Co-immunoprecipitations were performed as previously 
described [31]. 
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Chromatin Immunoprecipitations 

Chromatin Immunoprecipitations were performed as 
previously described [31] using FLAG to detect FLAG- 
BRG1 or IgG as a control The primers used to detect 
the MMP2 promoter were (Forward: GGGGAAAA- 
GAGGTGG AG AAA) and (Reverse: CGCCTGAG- 
GAAGTCTGGAT). CD25 primers were previously 
described [75]. Statistical significance was calculated 
using the student's t test. 

Additional material 



Acknowledgements 

ILD was supported by the National Institute of Environmental Health 
Sciences; Grant number: 5K22ES1 2981 , Ohio Cancer Research Associates, 
American Cancer Society, Ohio Division We would like to thank Dr. Kathryn 
Eisenmann (Biochemistry and Cancer Biology, University of Toledo College 
of Medicine) for helpful suggestions and Sean Linkes (University of Toledo 
Flow Cytometry Core Facility) for help with FACS analysis. 

Author details 

department of Biochemistry and Cancer Biology, University of Toledo 
College of Medicine, Toledo, OH 43614, USA. department of Medicine, The 
University of Toledo College of Medicine, 3000 Arlington Avenue, Toledo, 
OH 43614, USA. 3 Center for Diabetes and Endocrine Research, The University 
of Toledo College of Medicine, 3000 Arlington Avenue, Toledo, OH 43614, 
USA. 

Authors' contributions 

SVS designed and performed most of the experiments. BK performed RT- 
PCR experiments, invasion assays, co-immunoprecipitations, and chromatin 
immunoprecipitations. HGM performed Westerns. HQ performed RT-PCR 
experiments and helped with data analysis. KVC helped design experiments 
and contributed resources. ILD conceived the study, designed experiments, 
and wrote the article. All authors approved the final version. 

Competing interests 

The authors declare that they have no competing interests. 



Received: 13 May 2010 Accepted: 22 October 2010 
Published: 22 October 2010 

References 

1. Chin L, Garraway LA, Fisher DE: Malignant melanoma: genetics and 
therapeutics in the genomic era. Genes Dev 2006, 20:2149-2182. 

2. Zbytek B, Carlson JA, Granese J, Ross J, Mihm MC, Slominski A: Current 
concepts of metastasis in melanoma. Expert Rev Dermatol 2008, 3:569-585. 

3. Xing Y, Chang GJ, Hu CY, Askew RL, Ross Ml, Gershenwald JE, Lee JE, 
Mansfield PF, Lucci A, Cormier JN: Conditional survival estimates improve 
over time for patients with advanced melanoma: results from a 
population-based analysis. Cancer 116:2234-2241. 

4. Balch CM, Buzaid AC, Soong SJ, Atkins MB, Cascinelli N, Coit DG, 
Fleming ID, Gershenwald JE, Houghton A Jr, Kirkwood JM, et al: Final 
version of the American Joint Committee on Cancer staging system for 
cutaneous melanoma. J Clin Oncol 2001, 19:3635-3648. 

5. Melnikova VO, Bar-Eli M: Inflammation and melanoma metastasis. Pigment 
Cell Melanoma Res 2009, 22:257-267. 

6. Gaggioli C, Sahai E: Melanoma invasion - current knowledge and future 
directions. Pigment Cell Res 2007, 20:161-172. 

7. Johnson JP: Cell adhesion molecules in the development and 
progression of malignant melanoma. Cancer Metastasis Rev 1999, 
18:345-357. 

8. Gupta PB, Kuperwasser C, Brunet JP, Ramaswamy S, Kuo WL, Gray JW, 
Naber SP, Weinberg RA: The melanocyte differentiation program 
predisposes to metastasis after neoplastic transformation. Nat Genet 
2005, 37:1047-1054. 

9. Kim M, Gans JD, Nogueira C, Wang A, Paik JH, Feng B, Brennan C, 

Hahn WC, Cordon-Cardo C, Wagner SN, et al: Comparative oncogenomics 
identifies NEDD9 as a melanoma metastasis gene. Cell 2006, 
125:1269-1281. 

10. Hoek KS, Eichhoff OM, Schlegel NC, Dobbeling U, Kobert N, Schaerer L, 
Hemmi S, Dummer R: In vivo switching of human melanoma cells 
between proliferative and invasive states. Cancer Res 2008, 68:650-656. 

11. Cavalli G: Chromatin and epigenetics in development: blending cellular 
memory with cell fate plasticity. Development 2006, 1 33:2089-2094. 

12. Keenen B, de la Serna IL: Chromatin remodeling in embryonic stem cells: 
regulating the balance between pluripotency and differentiation. J Cell 
Physiol 2009, 219:1-7. 

13. Li B, Carey M, Workman JL: The role of chromatin during transcription. 
Cell 2007, 128:707-719. 

14. Saladi SV, de la Serna IL: ATP dependent chromatin remodeling enzymes 
in embryonic stem cells. Stem Cell Rev 6:62-73. 

15. Bajpai R, Chen DA, Rada-lglesias A, Zhang J, Xiong Y, Helms J, Chang CP, 
Zhao Y, Swigut T, Wysocka J: CHD7 cooperates with PBAF to control 
multipotent neural crest formation. Nature 463:958-962. 

16. Matsumoto S, Banine F, Struve J, Xing R, Adams C, Liu Y, Metzger D, 
Chambon P, Rao MS, Sherman LS: Brg1 is required for murine neural 
stem cell maintenance and gliogenesis. Dev Biol 2006, 289:372-383. 

17. de la Serna IL, Ohkawa Y, Higashi C, Dutta C, Osias J, Kommajosyula N, 
Tachibana T, Imbalzano AN: The microphthalmia-associated transcription 
factor requires SWI/SNF enzymes to activate melanocyte-specific genes. 
J Biol Chem 2006, 281 :20233-20241 . 

18. Sif S: ATP-dependent nucleosome remodeling complexes: enzymes 
tailored to deal with chromatin. J Cell Biochem 2004, 91:1087-1098. 

19. Wang W, Xue Y, Zhou S, Kuo A, Cairns BR, Crabtree GR: Diversity and 
specialization of mammalian SWI/SNF complexes. Genes Dev 1996, 
10:2117-2130. 

20. Bultman S, Gebuhr T, Yee D, La Mantia C, Nicholson J, Gilliam A, 
Randazzo F, Metzger D, Chambon P, Crabtree G, Magnuson T: A Brg1 null 
mutation in the mouse reveals functional differences among 
mammalian SWI/SNF complexes. Mol Cell 2000, 6:1287-1295. 

21. Reisman DN, Sciarrotta J, Wang W, Funkhouser WK, Weissman BE: Loss of 
BRG1/BRM in human lung cancer cell lines and primary lung cancers: 
correlation with poor prognosis. Cancer Res 2003, 63:560-566. 

22. Yamamichi N, Inada K, Ichinose M, Yamamichi-Nishina M, Mizutani T, 
Watanabe H, Shiogama K, Fujishiro M, Okazaki T, Yahagi N, et al: Frequent 
loss of Brm expression in gastric cancer correlates with histologic 
features and differentiation state. Cancer Res 2007, 67:10727-10735. 

23. Sentani K, Oue N, Kondo H, Kuraoka K, Motoshita J, Ito R, Yokozaki H, 
Yasui W: Increased expression but not genetic alteration of BRG1, a 



Additional File 1: Gene expression profiling of BRG1 (SMARCA4). 

The box plot is from a gene expression data set (Talantov, Clinical Cancer 
Research, 2005) as reported by the Oncomine microarray database. The 
levels of BRG1 mRNA in the indicated number (N) of malignant 
melanoma samples were determined to be significantly higher than 
those in samples from normal skin (p = 2.9 x 10~ 7 ). 

Additional File 2: Extracellular Matrix and Adhesion molecule RT 2 
Profiler PCR Array. The expression of 84 extracellular and adhesion 
molecule related genes was profiled in control SK-MEL5 (empty vector) 
and BRG1 reconstituted SK-MEL5 cells using a focused qPCR array. For 
each primer set, the fold change in SK-MEL5+BRG1 cells was determined 
relative to values obtained in control SK-MEL5 cells +empty vector. 
Statistical significance was calculated using the student's t test (* 
indicates p < 0.05, ^indicates p < 0.01). All other values were found to 
be not significantly different. Expression of genes that were activated by 
BRG1 greater than 2 fold are highlighted in red. Expression of genes that 
were down-regulated by BRG1 at least 2 fold are highlighted in green. N. 
D. represents genes that were not detected by the qRT-PCR assay or that 
had CT values > 34. 

Additional File 3: Cell Confluency and SWI/SNF Subunit Expression. 

Western blot showing the effect of increasing confluency on the 
expression of BRG1, BRM, and INI1 in WM2664 cells that were cultured in 
the absence of serum. Tubulin is a loading control. 



Saladi et al. Molecular Cancer 2010, 9:280 
http://www.molecular-cancer.eom/content/9/1/280 



Page 16 of 17 



component of the SWI/SNF complex, is associated with the advanced 
stage of human gastric carcinomas. Pothobiology 2001, 69:315-320. 

24. Sun A, Tawfik 0, Gayed B, Thrasher JB, Hoestje S, Li C, Li B: Aberrant 
expression of SWI/SNF catalytic subunits BRG1/BRM is associated with 
tumor development and increased invasiveness in prostate cancers. 
Prostate 2007, 67:203-213. 

25. Dunaief JL, Strober BE, Guha S, Khavari PA, Alin K, Luban J, Begemann M, 
Crabtree GR, Goff SP: The retinoblastoma protein and BRG1 form a 
complex and cooperate to induce cell cycle arrest. Cell 1994, 79:1 19-130. 

26. Asp P, Wihlborg M, Karlen M, Farrants AK: Expression of BRG1, a human 
SWI/SNF component, affects the organisation of actin filaments through 
the RhoA signalling pathway. J Cell Sci 2002, 1 15:2735-2746. 

27. Hill DA, Chiosea S, Jamaluddin S, Roy K, Fischer AH, Boyd DD, Nickerson JA, 
Imbalzano AN: Inducible changes in cell size and attachment area due to 
expression of a mutant SWI/SNF chromatin remodeling enzyme. J Cell 
So 2004, 117:5847-5854. 

28. Liu R, Liu H, Chen X, Kirby M, Brown PO, Zhao K: Regulation of CSF1 
promoter by the SWI/SNF-like BAF complex. Cell 2001, 106:309-318. 

29. Banine F, Bartlett C, Gunawardena R, Muchardt C, Yaniv M, Knudsen ES, 
Weissman BE, Sherman LS: SWI/SNF chromatin-remodeling factors induce 
changes in DNA methylation to promote transcriptional activation. 
Cancer Res 2005, 65:3542-3547. 

30. Ma Z, Chang MJ, Shah R, Adamski J, Zhao X, Benveniste EN: Brg-1 is 
required for maximal transcription of the human matrix 
metalloproteinase-2 gene. J Biol Chem 2004, 279:46326-46334. 

31. Keenen B, Qi H, Saladi SV, Yeung M, de la Serna IL: Heterogeneous SWI/ 
SNF chromatin remodeling complexes promote expression of 
microphthalmia-associated transcription factor target genes in 
melanoma. Oncogene 29:81-92. 

32. Vachtenheim J, Ondrusova L, Borovansky J: SWI/SNF chromatin 
remodeling complex is critical for the expression of microphthalmia- 
associated transcription factor in melanoma cells. Biochem Biophys Res 
Commun 392:454-459. 

33. Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally R, Ghosh D, 
Barrette T, Pandey A, Chinnaiyan AM: ONCOMINE: a cancer microarray 
database and integrated data-mining platform. Neoplasia 2004, 6:1-6. 

34. Talantov D, Mazumder A, Yu JX, Briggs T, Jiang Y, Backus J, Atkins D, 
Wang Y: Novel genes associated with malignant melanoma but not 
benign melanocytic lesions. Clin Cancer Res 2005, 11:7234-7242. 

35. Li L, Price JE, Fan D, Zhang RD, Bucana CD, Fidler IJ: Correlation of growth 
capacity of human tumor cells in hard agarose with their in vivo 
proliferative capacity at specific metastatic sites. J Natl Cancer Inst 1 989, 
81:1406-1412. 

36. Westermark B, Johnsson A, Paulsson Y, Betsholtz C, Heldin CH, Herlyn M, 
Rodeck U, Koprowski H: Human melanoma cell lines of primary and 
metastatic origin express the genes encoding the chains of platelet- 
derived growth factor (PDGF) and produce a PDGF-like growth factor. 

Proc Natl Acad Sci USA 1986, 83:7197-7200. 

37. Haass NK, Smalley KS, Li L, Herlyn M: Adhesion, migration and 
communication in melanocytes and melanoma. Pigment Cell Res 2005, 
18:150-159. 

38. Brummendorf T, Lemmon V: Immunoglobulin superfamily receptors: cis- 
interactions, intracellular adapters and alternative splicing regulate 
adhesion. Curr Opin Cell Biol 2001, 13:61 1-618. 

39. Gattenlohner S, Stuhmer T, Leich E, Reinhard M, Etschmann B, Volker HU, 
Rosenwald A, Serfling E, Bargou RC, Ertl G, et al: Specific detection of CD56 
(NCAM) isoforms for the identification of aggressive malignant 
neoplasms with progressive development. Am J Pathol 2009, 
174:1160-1171. 

40. Reed JA, Finnerty B, Albino AP: Divergent cellular differentiation pathways 
during the invasive stage of cutaneous malignant melanoma 
progression. Am J Pathol 1999, 155:549-555. 

41. Xie S, Luca M, Huang S, Gutman M, Reich R, Johnson JP, Bar-Eli M: 
Expression of MCAM/MUC18 by human melanoma cells leads to 
increased tumor growth and metastasis. Cancer Res 1997, 57:2295-2303. 

42. Shih IM, Speicher D, Hsu MY, Levine E, Herlyn M: Melanoma cell-cell 
interactions are mediated through heterophilic Mel-CAM/ligand 
adhesion. Cancer Res 1997, 57:3835-3840. 

43. Molina-Ortiz I, Bartolome RA, Hernandez-Varas P, Colo GP, Teixido J: 
Overexpression of E-cadherin on melanoma cells inhibits chemokine- 



promoted invasion involving p190RhoGAP/p120ctn-dependent 
inactivation of RhoA. J Biol Chem 2009, 284:15147-15157. 

44. Lu Q, Dobbs LJ, Gregory CW, Lanford GW, Revelo MP, Shappell S, Chen YH: 
Increased expression of delta-catenin/neural plakophilin-related 
armadillo protein is associated with the down-regulation and 
redistribution of E-cadherin and p120ctn in human prostate cancer. Hum 
Pathol 2005, 36:1037-1048. 

45. Kuphal S, Bauer R, Bosserhoff AK: Integrin signaling in malignant 
melanoma. Cancer Metastasis Rev 2005, 24:195-222. 

46. Echtermeyer F, Schober S, Poschl E, von der Mark H, von der Mark K: 
Specific induction of cell motility on laminin by alpha 7 integrin. J Biol 
Chem 1996, 271:2071-2075. 

47. Kramer RH, Vu MP, Cheng YF, Ramos DM, Timpl R, Waleh N: Laminin- 
binding integrin alpha 7 beta 1: functional characterization and 
expression in normal and malignant melanocytes. Cell Regul 1991, 
2:805-817. 

48. Moretti S, Martini L, Berti E, Pinzi C, Giannotti B: Adhesion molecule profile 
and malignancy of melanocytic lesions. Melanoma Res 1993, 3:235-239. 

49. Hartstein ME, Grove AS Jr, Woog JJ: The role of the integrin family of 
adhesion molecules in the development of tumors metastatic to the 
orbit. Ophthal Plast Reconstr Surg 1 997, 1 3:227-238. 

50. Nikkola J, Vihinen P, Vlaykova T, Hahka-Kemppinen M, Heino J, Pyrhonen S: 
Integrin chains betal and alphav as prognostic factors in human 
metastatic melanoma. Melanoma Res 2004, 14:29-37. 

51. Guo W, Giancotti FG: Integrin signalling during tumour progression. Nat 
Rev Mol Cell Biol 2004, 5:816-826. 

52. Vincenti MP, Brinckerhoff CE: Signal transduction and cell-type specific 
regulation of matrix metalloproteinase gene expression: can MMPs be 
good for you? J Cell Physiol 2007, 213:355-364. 

53. Yan C, Boyd DD: Regulation of matrix metalloproteinase gene expression. 
J Cell Physiol 2007, 211:19-26. 

54. Sato H, Takino T, Okada Y, Cao J, Shinagawa A, Yamamoto E, Seiki M: A 
matrix metalloproteinase expressed on the surface of invasive tumour 
cells. Nature 1994, 370:61-65. 

55. Hofmann UB, Westphal JR, Van Muijen GN, Ruiter DJ: Matrix 
metalloproteinases in human melanoma. J Invest Dermatol 2000, 
115:337-344. 

56. Muchardt C, Bourachot B, Reyes JC, Yaniv M: ras transformation is 
associated with decreased expression of the brm/SNF2alpha ATPase 
from the mammalian SWI-SNF complex. Embo J 1998, 17:223-231. 

57. Kadam S, McAlpine GS, Phelan ML, Kingston RE, Jones KA, Emerson BM: 
Functional selectivity of recombinant mammalian SWI/SNF subunits. 
Genes Dev 2000, 14:2441-2451. 

58. Melnikova V, Bar-Eli M: Inflammation and melanoma growth and 
metastasis: the role of platelet-activating factor (PAF) and its receptor. 
Cancer Metastasis Rev 2007, 26:359-371. 

59. Fidler IJ: Critical factors in the biology of human cancer metastasis: 
twenty-eighth G.H.A. Clowes memorial award lecture. Cancer Res 1990, 
50:6130-6138. 

60. Reisman D, Glaros S, Thompson EA: The SWI/SNF complex and cancer. 
Oncogene 2009, 28:1653-1668. 

61. Lin H, Wong RP, Martinka M, Li G: BRG1 expression is increased in human 
cutaneous melanoma. Br J Dermatol 2010, 163:3, 502-510. 

62. Becker TM, Haferkamp S, Dijkstra MK, Scurr LL, Frausto M, Diefenbach E, 
Scolyer RA, Reisman DN, Mann GJ, Kefford RF, Rizos H: The chromatin 
remodelling factor BRG1 is a novel binding partner of the tumor 
suppressor p16INK4a. Mol Cancer 2009, 8:2144-2147. 

63. Hendricks KB, Shanahan F, Lees E: Role for BRG1 in cell cycle control and 
tumor suppression. Mol Cell Biol 2004, 24:362-376. 

64. Li G, Schaider H, Satyamoorthy K, Hanakawa Y, Hashimoto K, Herlyn M: 
Downregulation of E-cadherin and Desmoglein 1 by autocrine 
hepatocyte growth factor during melanoma development. Oncogene 
2001, 20:8125-8135. 

65. Huntington JT, Shields JM, Der CJ, Wyatt CA, Benbow U, Slingluff CL Jr, 
Brinckerhoff CE: Overexpression of collagenase 1 (MMP-1) is mediated by 
the ERK pathway in invasive melanoma cells: role of BRAF mutation and 
fibroblast growth factor signaling. J Biol Chem 2004, 279:33168-33176. 

66. Jin Y, Wilhide CC, Dang C, Li L, Li SX, Villa-Garcia M, Bray PF: Human 
integrin beta3 gene expression: evidence for a megakaryocytic cell- 
specific cis-acting element. Blood 1998, 92:2777-2790. 



Saladi et al. Molecular Cancer 2010, 9:280 
http://www.molecular-cancer.eom/content/9/1/280 



Page 1 7 of 1 7 



67. de la Serna IL, Ohkawa Y, Berkes CA, Bergstrom DA, Dacwag CS, 
Tapscott SJ, Imbalzano AN: MyoD targets chromatin remodeling 
complexes to the myogenin locus prior to forming a stable DNA-bound 
complex. Mol Cell Biol 2005, 25:3997-4009. 

68. Ryme J, Asp P, Bohm S, Cavellan E, Farrants AK: Variations in the 
composition of mammalian SWI/SNF chromatin remodelling complexes. 
J Cell Biochem 2009, 108:565-576. 

69. Mallappa C, Nasipak BT, Etheridge L, Androphy EJ, Jones SN, 
Sagerstrom CG, Ohkawa Y, Imbalzano AN: Myogenic microRNA expression 
requires ATP-dependent chromatin remodeling enzyme function. Mol 
Cell Biol 2010, 30:3176-3186. 

70. Bultman SJ, Herschkowitz Jl, Godfrey V, Gebuhr TC, Yaniv M, Perou CM, 
Magnuson T: Characterization of mammary tumors from Brgl 
heterozygous mice. Oncogene 2008, 27:460-468. 

71. Wang X, Sansam CG, Thorn CS, Metzger D, Evans JA, Nguyen PT, 
Roberts CW: Oncogenesis caused by loss of the SNF5 tumor suppressor 
is dependent on activity of BRG1, the ATPase of the SWI/SNF chromatin 
remodeling complex. Cancer Res 2009, 69:8094-8101. 

72. Link KA, Balasubramaniam S, Sharma A, Comstock CE, Godoy-Tundidor S, 
Powers N, Cao KH, Haelens A, Claessens F, Revelo MP, Knudsen KE: 
Targeting the BAF57 SWI/SNF subunit in prostate cancer: a novel 
platform to control androgen receptor activity. Cancer Res 2008, 
68:4551-4558. 

73. de La Serna IL, Carlson KA, Hill DA, Guidi CJ, Stephenson RO, Sif S, 
Kingston RE, Imbalzano AN: Mammalian SWI-SNF complexes contribute to 
activation of the hsp70 gene. Mol Cell Biol 2000, 20:2839-2851. 

74. Wang A, Nomura M, Patan S, Ware JA: Inhibition of protein kinase Calpha 
prevents endothelial cell migration and vascular tube formation in vitro 
and myocardial neovascularization in vivo. Circ Res 2002, 90:609-616. 

75. Doan DN, Veal TM, Yan Z, Wang W, Jones SN, Imbalzano AN: Loss of the 
IN1 1 tumor suppressor does not impair the expression of multiple BRG1- 
dependent genes or the assembly of SWI/SNF enzymes. Oncogene 2004, 
23:3462-3473. 

76. Yamamichi-Nishina M, Ito T, Mizutani T, Yamamichi N, Watanabe H, Iba H: 
SW13 cells can transition between two distinct subtypes by switching 
expression of BRG1 and Brm genes at the post-transcriptional level. J 

Biol Chem 2003, 278:7422-7430. 



doi:1 0.1 1 86/1 476-4598-9-280 

Cite this article as: Saladi et al:. Modulation of extracellular matrix/ 
adhesion molecule expression by BRG1 is associated with increased 
melanoma invasiveness. Molecular Cancer 2010 9:280. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 

Submit your manuscript at f \ RioM<ld r pnt ^\ 

www.biomedcentral.com/submit "M® 1 ™" central 



